Periods of consecutive days with heavy rain of high intensity are common in the red soil region of China, increasing unpredictable risks of soil erosion and non-point source pollution on sloping orchards. Grass cover, as a type of vegetation management, is useful for controlling soil erosion and pollution. However, the potential of different kinds of groundcover plants in combating soil erosion and non-point source pollution remains unclear under the rainfall conditions in this region of China. This study included 7 d of simulated rainfall applied to a set of six treatments: Bare soil control, natural grass, and four groundcover treatments, Trifolium repens, T. repens, and Lolium perenne, Vicia sativa and Festuca elata, Medicago polymorpha, and Cynodon dactylon. The effects of the treatments on runoff volume, and soil, nitrogen, and phosphorus losses were evaluated. The results indicated that greater soil erosion and non-point source pollution occurred over the first 3d of daily 1-h simulated rainfall events. Also, the beneficial effects of the groundcover plants were greater earlier in the 7-d period of daily heavy rain, particularly in reducing runoff and nitrogen loss on the second and third day. Compared with bare soil, all the groundcovers showed a reduction effect in varying degrees, among which T. repens treatment was more effective. T. repens treatment showed an overall reduction in runoff and soil loss by 25.5% and 91.5%, respectively, and total nitrogen, nitrate nitrogen, ammonia nitrogen and total phosphorus loss by 25.5%, 74.6%, 90.7%, and 81.8%, respectively. These findings indicated that single planting of perennial pasture T. repens with short stems is an effective management option to limit soil erosion and non-point source pollution in sloping citrus orchards of southern China.
Introduction
Red soil (equivalent to Ultisols in the Soil Taxonomy System of the USA) occupies about 1.14 million km 2 of subtropical China and 79% of this region consists of hilly to mountainous areas [1] . This region is one of China's most important agricultural regions particularly for growing citrus due to its abundant rainfall and suitable temperatures [2] . However, the area is seriously affected by soil erosion because of the steep terrain, soil properties, abundant rainfall, and improper land management, especially in Brachypodium distachyon-covered plots and 18 times more than that in plots covered with spontaneous vegetation. Various groundcover vegetation can be used in hilly orchards, especially herbaceous plants, most commonly grasses [18] , legumes [14] , and crucifers [19] . Many groundcover species have also been tested in sloping citrus orchards in the red soil region of China [20] [21] [22] , among which Medicago spp., Paspalum notatum, and Trifolium repens are the most commonly used. Nevertheless, the benefits of groundcovers in reducing soil erosion and non-point source pollution have been clear, and different groundcover species and their mixtures were recommended in sloping citrus orchards in the red soil region of southern China, but few studies have actually compared the relative merits of them in this region.
The processes of soil erosion and nutrient losses in agriculture are extremely dynamic and complicated, which are affected by many factors, for example, the vegetation cover, agricultural practices, rainfall characters, and topography [7, 18, 23] . Among these factors, rainfall characteristics (generally including rainfall intensity, duration, pattern, and raindrop energy) are particularly important [24, 25] , with rainfall intensity and frequency as the key factors influencing loss processes. Rainfall events with higher intensity and/or frequency usually generate earlier runoff and higher peak runoff, causing greater soil loss [23] as well as more chemical pollution [26] . Wei et al. (2007) concluded that the rainfall patterns with features such as high intensity, short duration, and high frequency can cause the greatest runoff and sediment loss [27] . Rainfall simulation experiments conducted by Liu et al. (2014) in farmland in China indicated that the N and P losses with surface runoff were strongly positively correlated to rainfall intensity [26] . There is no doubt that heavy rainfall with high frequency can increase the complexity and uncertainty of soil erosion and nutrient loss process. In the red soil region of southern China, high rainfall intensity and amounts occur frequently due to the well-developed monsoon. The annual precipitation is usually 800 to 2500 mm, which is 1.9 to 2.8 times higher than the national mean and 70% of the rainfall events occur from April to September as rainstorms [28] , which can lead to severer soil and water loss, non-point source pollution, and further degradation in agriculture land. Under the rainfall conditions in this region, the potential of different groundcover plants for reducing soil erosion and non-point source pollution has not been adequately investigated [20, 21] . Understanding the effect of herbaceous plants in reducing runoff, soil, and associated nutrient losses under periods of consecutive days with high-intensity rainfall and the assessment of this land management is crucial for developing further policies for local sustainable agriculture [29] .
Therefore, the objectives of this study were (1) to investigate the effects of different groundcover species on soil erosion in sloping citrus orchards on red soil region of southern China; (2) to investigate the effects of different groundcover species on non-point source pollution under simulated The experimental soil containers (flumes) were variable-slope steel tanks, 1 × 0.5 × 0.35m (L × W × D), with slope variable to 15° and the lower part had 5-mm diameter drainage holes.
Experimental Design and Treatments
Soil was collected from a citrus orchard on a sloping site in of Xinyu City (114.93 E, 27.8 W), Jiangxi Province, a typical red soil citrus growing areas of China ( Figure 2 ), air-dried until the water content was about 6% to 10%, and passed through a 10-mm sieve to remove coarse rock and organic debris. Afterward, the soil was added in layers (3 × 10-cm layers) and tapped with a wooden block aiming to attain a uniform bulk density of the study site (1.23 g/cm 3 ) and also minimize the differences of soil between the treatments. Each layer of soil was lightly raked before packing the next layer to minimize the discontinuities between layers. Five-centimeter fine sand was evenly spread at the bottom of flumes to facilitate drainage. The soil was wet to field capacity and kept for a week to make it close to the natural soil state before sowing. This soil collecting method was used in previous studies about indoor simulated rainfall experiments [23, 30] . The basic physical and chemical properties of the soil are given in Table 1 . The experimental soil containers (flumes) were variable-slope steel tanks, 1 × 0.5 × 0.35 m (L × W × D), with slope variable to 15 • and the lower part had 5-mm diameter drainage holes.
Soil was collected from a citrus orchard on a sloping site in of Xinyu City (114.93 E, 27.8 W), Jiangxi Province, a typical red soil citrus growing areas of China ( Figure 2 ), air-dried until the water content was about 6% to 10%, and passed through a 10-mm sieve to remove coarse rock and organic debris. Afterward, the soil was added in layers (3 × 10-cm layers) and tapped with a wooden block aiming to attain a uniform bulk density of the study site (1.23 g/cm 3 ) and also minimize the differences of soil between the treatments. Each layer of soil was lightly raked before packing the next layer to minimize the discontinuities between layers. Five-centimeter fine sand was evenly spread at the bottom of flumes to facilitate drainage. The soil was wet to field capacity and kept for a week to make it close to the natural soil state before sowing. This soil collecting method was used in previous studies about indoor simulated rainfall experiments [23, 30] . The basic physical and chemical properties of the soil are given in Table 1 . Six herbaceous plants selected for the experiment were the common native annual and perennial species found in the orchard selected for the experiment. They had been previously identified as suitable for red soil citrus orchards in the region [31, 32] , viz. three legumes, T.repens, Vicia sativa, and Medicago polymorpha, and three grasses, Lolium perenne, Festuca elata, and Cynodon dactylon. These species were tested in four treatments, T.repens alone (T), T.repens with L.perenne (TL), V. sativa with F. elata (VF), and M. polymorpha with C. dactylon (MC). Digitaria sanguinalis was included as a natural grass treatment (NG) because it was the most common local weed, and bare soil (BS) was used as a control. Each kind of seed was evenly sown in three repeating flumes and no fertilization was applied in the early stage. They were watered equally and carefully when there was a dry soil surface, avoiding erosion. Details of these treatments are given in Table 2 . Six herbaceous plants selected for the experiment were the common native annual and perennial species found in the orchard selected for the experiment. They had been previously identified as suitable for red soil citrus orchards in the region [31, 32] , viz. three legumes, T. repens, Vicia sativa, and Medicago polymorpha, and three grasses, Lolium perenne, Festuca elata, and Cynodon dactylon. These species were tested in four treatments, T.repens alone (T), T. repens with L. perenne (TL), V. sativa with F. elata (VF), and M. polymorpha with C. dactylon (MC). Digitaria sanguinalis was included as a natural grass treatment (NG) because it was the most common local weed, and bare soil (BS) was used as a control. Each kind of seed was evenly sown in three repeating flumes and no fertilization was applied in the early stage. They were watered equally and carefully when there was a dry soil surface, avoiding erosion. Details of these treatments are given in Table 2 . After the groundcover plants had been growing for about 6 weeks, all treatments were watered uniformly to ensure the same soil moisture content, and 15 g of the compound fertilizer (17% CO(NH 2 ) 2 and 17% P 2 O 5 ) was applied to each flume. This fertilizer and application rate were chosen as it was the typical practice in the citrus orchard.
To evaluate the effects of the treatments, the flumes were set at a slope of 15 • because this is a common slope in local citrus orchards [34] . Rainfall intensity was set to 90 mm/h, and applied as 1-h events, 24 h apart for 7 d. Consecutive daily rainfall of high intensity (daily precipitation >50 mm) occurred 82 times from 1961 to 2010 in Jiangxi, China during the rainy season over 3 to 20 d consecutive days and the maximum daily rainfall was 154.3 mm [35, 36] . With 24 h between each simulated rainfall events, the 90 mm/h intensity gave 90 mm precipitation per day, which was representative of natural heavy rains in the region.
Sample Collection and Laboratory Analysis
Before simulated rainfall, all the flumes were set randomly in the rainfall area. For each rainfall event, the runoff was collected in 60-L containers placed under the outlet of each flume and measured with a water gauge. Three repeated runoff samples mixed with sediments were collected in 500-mL plastic bottles of these containers randomly after resuspension by stirring. Three hundred and seventy-eight samples were collected from the 6 treatments over 7 d.
The sample bottles were capped and kept at 4 • C for 8 h until all suspended soil particles settled. The water samples without sediments were taken from the sample bottles for chemical analysis and the sediments were oven-dried at 105 • C before weighing. For chemical analysis, the total N and P concentrations were assayed by alkaline potassium persulfate oxidation ultraviolet spectrophotometry and ammonium molybdate spectrophotometric methods, respectively [37] . After the water samples were filtered through a 0.45-µm membrane, the NO 3 − -N and NH 4 + -N concentrations were assayed by continuous flow analyzer (AA3, SEAL Analytical, Ltd., Norderstedt, Germany).
To compare runoff volumes, soil, and nutrient losses between BS and groundcover treatments, the reduction compared with BS (%) of the different groundcover treatments was calculated by the following equations according to the previous study [38] .
where R and R are the reduction compared with BS of volume, soil, or nutrient losses (%) on each day and the whole 7-d rainfall period, respectively, M 0 and 7 t=1 M 0 are the runoff, soil, and nutrient losses (L, g, mg) for BS on each day and the whole 7-d rainfall period, respectively, and M i and 7 t=1 M i are the runoff, soil, and nutrient losses (L, g, mg) of groundcover treatments on each day and the full 7-d rainfall period, respectively. 
Statistical Analysis
IBM SPSS Statistics 21.0 and Microsoft Excel were used to calculate and analyze all the statistics. Regression analysis was performed to show the relationship between rainfall days and daily/accumulated generated runoff, soil, and nutrient losses. One-way analysis of variance (ANOVA) was carried out to determine the differences between the measured parameters for different treatments. Least significant difference (LSD) at P = 0.05 was used to elucidate any significant differences.
Results

Process of Soil Erosion and Non-Point Source Pollution on Bare Soil
Over the seven days of simulated rainfall, the runoff volume for BS increased on the first two days, then decreased slowly, reaching the lowest volume on the fifth day, and then stabilized. The soil, total N, and NO 3 − -N loss for BS showed a similar trend that the loss amount was highest on the first day followed by a decline, reaching the lowest on the fifth or sixth day and rising again. The NO 3 − -N and total P loss was also highest on the first day and kept declining until the end of the rainfall period ( Figure 3 ). Figure 3 also shows scatter plot graphs for the relationship between rainfall days and daily/accumulated generated runoff, soil and nutrient losses, and there was a very significant regression relationship between rainfall days and the loss (P < 0.01). The best regression equations were selected based on determination coefficients of the line of best fit. For the runoff loss, the dominant equation was in the form of the exponential function, and for the soil, total N, and NO3 − -N loss, the response functions were quadratic and the relationship tended to be power function for NO3 − -N and total P loss. There was a significant linear regression relationship between rainfall days and accumulated soil, runoff, and nutrient losses (P < 0.01).
The total soil and nutrient losses over the first three days were higher than that over the final Figure 3 also shows scatter plot graphs for the relationship between rainfall days and daily/accumulated generated runoff, soil and nutrient losses, and there was a very significant regression relationship between rainfall days and the loss (P < 0.01). The best regression equations were selected based on determination coefficients of the line of best fit. For the runoff loss, the dominant equation was in the form of the exponential function, and for the soil, total N, and NO 3 − -N loss, the response functions were quadratic and the relationship tended to be power function for NO 3 − -N and total P loss. There was a significant linear regression relationship between rainfall days and accumulated soil, runoff, and nutrient losses (P < 0.01). The total soil and nutrient losses over the first three days were higher than that over the final four days, and the combined runoff volume in the two time periods was similar (Figure 3 ).
Runoff and Soil Loss
The runoff volume of T and NG was significantly lower than that for BS (P < 0.05) over the seven days, while the difference between the other three groundcovers and BS was not significant on the first day (Figure 4a ). N and VF showed reductions only over the first three days, TL showed the reduction only over the first two days, and the runoff volume of MC was always higher than that for BS. The total reduced runoff volume of T compared with BS in the seven days was the most, which was 127.98 L/m 2 with a percentage of 25.48% (Table 3) . The soil loss was significantly reduced by all the groundcovers over the seven days (P < 0.05) (Figure 4b ). Their reductions compared with BS remained stable over 60% except for NG and the reduction effects of T, TL, and VF were similar. VF reduced the most soil loss by 306.64 g/m 2 (93.34%), and the value of T was very close to it (300.87 g/m 2 , 91.49%) ( Table 3 ).
It was found that different groundcovers were more effective in reducing soil loss than runoff, with the reduction being better in the early in the seven-day period (days 1 to 3). T showed a better effect both on reducing runoff and soil loss than other groundcovers.
Nitrogen and Phosphorus Loss
Compared with BS, total N loss was significantly lower in all groundcover treatments (P < 0.05) over the first two days, but the difference between the groundcovers and BS was not significant over the following four days (Figure 5a ). The reduction compared with BS (%) of five groundcovers changed over days, treatment T and TL, and treatment N, VF, and MC did not have any reduction effect on the fifth and sixth day, respectively. The reduced total N loss of NG over the seven days was the most (625.16 mg/m 2 ) with a percentage of 39.37%, followed by T (404.40 mg/m 2 , 25.47%) and VF (309.48 mg/m 2 , 24.59%) ( Table 4 ).
the most (625.16 mg/m 2 ) with a percentage of 39.37%, followed by T (404.40 mg/m 2 , 25.47%) and VF (309.48 mg/m 2 , 24.59%) ( Table 4 ). The effect of different groundcovers on the NO 3 − -N loss was significant (P < 0.05) compared with BS, and there were also significant differences among the groundcover treatments (Figure 5b ). All the treatments showed positive reduction effect compared with BS (%), especially in the last three days (over 40%). T reduced the most NO 3 − -N loss by 97.11 mg/m 2 (74.59%), followed by VF (601.86 mg/m 2 , 58.83) ( Table 4 ). NH 4 + -N loss was significantly (P < 0.05) lower in all groundcover treatments compared with BS, but there were no significant differences between the groundcover treatments after the second day (Figure 5c ). Regarding the reduction compared with BS (%) for T, VF was higher over the seven days, at around 70% to 90%, and it was around 50% for NG, TL, and MC. The reduced total NH 4 + -N loss over the seven days of T was the most, by 725.47 mg/m 2 compared with BS (90.71%), and the following was VF (638.46 mg/m 2 , 79.83%) ( Table 4 ). Significant reduction effects on total P loss of each groundcover treatment was seen on the first and sixth days (P < 0.05), and on the second to fifth days, except for MC, the other groundcovers reduced total P loss significantly (P < 0.05), but it was not significant on the seventh day, and there were no significant differences among the groundcover treatments (Figure 5d ). The reduction effect of each groundcover on total P loss was more positive in the initial two days than that of the following days, and the total P loss of NG and MC were higher than BS on the seventh day. T reduced the most total P loss in the seven days (347.05 mg/m 2 , 72.89%), followed by VF (297.05 mg/m 2 , 69.98%) ( Table 4 ).
Discussion
Effect of the Simulated Rainfall Pattern on Soil Erosion and Nutrient Losses
In this study, the seven consecutive days with 1-h rainfall of an intensity of 90 mm/h represented the typical extreme natural rain in the rainy season in Jiangxi, China [35, 36] . Our study quantified the loss process of runoff, sediment, and agricultural nutrients on bare red soil from this simulated rainfall and showed a very significant regression relationship between rainfall days and the loss (P < 0.01) ( Figure 3) .
The runoff was higher on the second day of rainfall than the first day because the infiltration and hydraulic conductivity decreased due to the development of a previously described sealing phenomenon [39, 40] . Such changes in the hydraulic properties of the soil might also cause changes in the runoff and sediment loss during the subsequent rainfall. The sediment loss showed a declining trend during the intermittent 3-h rainfall, which is similar to the results of Montenegro et al. (2013) [41] . However, the dynamics of runoff volume and sediment loss change differed to those reported by Wang et al. (2018) for rainfall after the second day; this might be attributed to different soil properties and plot size in their study [39] . These factors are reported in previous studies to influence on runoff and sediment yield [42] .
Environmental contamination from fertilizers occurs with runoff and sediment loss, which will accumulate in depressions or enter downstream rivers, lakes, and reservoirs [9] . The N and P losses were higher over the first three days in our study, which means the severe non-point source pollution can occur in the early stage of periods of consecutive daily rainfall. Previous studies have also reported that the highest P or N loss in runoff occurs during the initial stage of rainfall events [43] . For example, a field experiment conducted by Smith et al. (2007) showed that the mean soluble P and NH 4 + -N concentrations of the inorganic fertilizer treatments were greater in runoff that occurred one to four days after application rather than in the later rainfall events [44] . Shuman et al. (2002) found NO 3 − -N loss(mg) in runoff had a decrease in the simulated rainfall of 24, 72, 96, and 168 hours after fertilizer, which is consistent with the decrease in our study in the seven-day period. The increase of NO 3 − -N loss on the last day may suggest that nitrification was occurring in soils [45] , and this may also be the reason for the increasing trend of total N loss on the 6th d. Therefore, more attention should be given to the early period (say the first one to three days) of a period of consecutive daily rainfall after fertilizer application when soil erosion and nutrient losses potentials are much higher. Furthermore, some measures such as groundcover management should be used to reduce the severity of soil erosion and agricultural non-point source pollution during the rainy season.
Effect of Different Groundcovers on Soil Erosion and Nutrient Losses
The different groundcovers chosen in our study were effective in reducing soil erosion and decreasing nutrient losses according to the total reductions over the seven-day period except for runoff volume ( Table 3) .
Planting with single species (T. repens) was the most effective treatment for reducing soil erosion, which decreased runoff and sediment yield by 25.5% and 91.5% over the seven-day period, respectively. Novara et al. (2011) also reported that legume cover significantly reduced soil loss by 74.94% compared to bare soil after conventional tillage [14] . The groundcover plants can reduce soil erosion by protecting the soil surface against splash erosion and soil detachment, reducing the velocity and erosivity of surface flow, and increasing the infiltration by roots [19, 46] . The surface coverage of all the groundcover treatments was similar in this experiment, so their root development might have an important role in this process, which needs further exploration. Increased runoff can be caused by lower infiltration [47] , which can vary between plant species [48] . Legumes can increase infiltration capacity and hydraulic conductivity because decaying taproots of legumes form stable macropores while grasses do not [49] . The observation of Mytton et al. (1993) showed that water infiltration was higher under T. repens due to a higher fraction of soil pores greater than 60 µm with porosity being equal compared to grasses [50] . In addition, due to the root proliferation, which increases soil organic matter content and favors soil fauna such as earthworms, legumes can enhance water flow through soil [51] . This mechanism might explain how the single species of legume (T. repens) used in this study achieved the best effect on soil erosion control consistent with the studies mentioned above.
The N and P losses during the rainfall period were decreased the most by the T. repens treatment. The N and P in fertilizers can be absorbed by vegetation cover and reduce the nitrate loss by runoff [52, 53] . Relatively higher effectiveness of T. repens in reducing N and P losses was also found in other research [13, 48] .
On the whole, T. repens and V. sativa with F. elata showed a better efficiency of reducing runoff, sediment, and nutrient losses. However, VF treatment needs more work because it produces higher stems, so it needs to be mowing during the growing season ( Table 2 ). T. repens is shorter, can fertilize the soil, and is easily managed, so is considered to be a suitably cultivated legume for orchard floors in hilly areas of southern China [32, 54, 55] . Therefore, we recommend a legume with short stems such as T. repens as a suitable choice for groundcover in citrus orchards on red soil slopes. However, our study did not analyze the effect of T. repens on the ecological environment (e.g., biocommunity), fruit yield, and water competition between the groundcover and citrus trees. Therefore, further studies need to be conducted to evaluate the effect of a Trifolium spp. as a groundcover in the hilly orchards in the red soil region. Also, the effect of mixed sowing of different legumes on soil erosion and contamination control in sloping citrus orchards should be explored.
Dynamics of the Reduction Effect of Different Groundcovers under Frequent Heavy Rainfall
The reduction effect varied during the seven-day period of consecutive daily rainfall (Tables 3  and 4 ). The groundcovers had a clearly reduced runoff only over the first three days, which differs from most studies that reported vegetation cover can reduce the surface runoff during rainfall over a longer period [12, 13] . This might be because of the different rainfall types, which will cause a series of changes in soil and plants. For example, through our observations, plants would be forced to the ground under the impact of raindrops with strong kinetic energy under prolonged rainfall, which will be likely to strengthen the stem flow or leaf drainage [56] , causing the phenomena of high runoff with low sediment or nutrient losses. Abrantes et al. (2018) also found a reduction effect of 70% with mulching on surface runoff and sediment in the second rainfall (16% and 53%, respectively), which was significantly lower than that in the first rainfall (83% and 92%, respectively) [57] .
Meanwhile, the mixed groundcovers in our study showed a gradually diminishing effect on reducing total N loss, and a negative effect was even observed over the last three days. The reduction in P loss fluctuated over the seven-day period ( Table 4 ). The mechanism may be complex, relating to the nutrient element properties, change of physical properties on slopes and erosion forms, and also shoot and root morphology of the groundcover [13, 15] . It may also be affected by the relative loss in the velocity of contaminants between bare soil and vegetated treatments. Further research is needed to investigate these changes under different periods of rain to provide a theoretical basis for developing appropriate and sustainable measures for soil erosion and nutrient losses control.
Conclusions
In a simulated rainfall experiment, we investigated the performance of five different grass covers for soil conservation and non-point pollution control. Our results showed that a period of consecutive heavy daily rainfall can cause severe soil erosion and pollution, especially early in the period (first one to three days). All groundcovers evaluated effectively reduced soil, N, and P losses over the full seven-day period, but not runoff volume. While the reduction in losses varied during the experiment, the reduction on runoff and total N loss was negative after the first three days. We concluded that single Trifolium sp. with short stems, such as T. repens, is likely to be a more effective groundcover options than other common groundcovers to mitigate soil erosion and non-point pollution losses from the sloping citrus orchards in the red soil region of southern China. Simultaneously, it is also necessary to avoid inorganic fertilizer application before periods of consecutive daily rainfall; even though the groundcovers can provide some control, it may not be sufficient in particularly wet periods. The application of inorganic fertilizer can be incorporated into the local comprehensive pollution prevention and control system, and the development of the long-term effective pollution prevention strategy. These findings have important implications for combating soil erosion and non-point pollution caused by extended periods of heavy rainfall in the region.
